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Abstract
 7KHFU\VWDOVWUXFWXUHRI1D&R2GHWHUPLQHGE\SRZGHUQHXWURQGLIIUDFWLRQLV
UHSRUWHG7KHVWUXFWXUHFRQVLVWVRI OD\HUVRIHGJHVKDUHG&R2RFWDKHGUDLQD WULDQJXODU
ODWWLFHZLWK1DLRQVRFFXS\LQJRUGHUHGSRVLWLRQVLQWKHLQWHUOHDYLQJSODQHV7KH1DLRQV
IRUPRQHGLPHQVLRQDO]LJ]DJFKDLQV7ZRW\SHVRI&RLRQVZKLFKGLIIHURQO\VXEWO\LQ
WKHLUFRRUGLQDWLRQE\R[\JHQDUHDOVRIRXQGLQFKDLQV6SHFLILFKHDWPHDVXUHPHQWVVKRZ
WKDW WKH WUDQVLWLRQV REVHUYHG DW  . DQG  . LQ WKH UHVLVWLYLW\ DQG PDJQHWLF
VXVFHSWLELOLW\ DUH DFFRPSDQLHG E\ FKDQJHV LQ HQWURS\ (OHFWURQ GLIIUDFWLRQ VWXGLHV
VXJJHVWWKDWWKH.WUDQVLWLRQPD\KDYHDVWUXFWXUDOFRPSRQHQW

Introduction 
,QYHVWLJDWLRQV RI WKH FRSSHU
R[LGH VXSHUFRQGXFWRUV KDYH UHYHDOHG
PXFK DERXW WKH XQH[SHFWHG EHKDYLRU RI
FKDUJH WUDQVSRUW LQ VTXDUH ODWWLFHV
7KRXJKWULDQJOHEDVHGODWWLFHVKDYHEHHQ
VWXGLHG LQ HOHFWULFDOO\ LQVXODWLQJ
JHRPHWULFDOO\ IUXVWUDWHG PDJQHWV IRU
VRPH WLPH  FRQGXFWLYH OD\HUHG
WULDQJXODU ODWWLFHV KDYH QRW HPHUJHG IRU
GHWDLOHG VWXG\ XQWLO UHFHQWO\ ZLWK WKH
GLVFRYHU\ RI D VXUSULVLQJO\ KLJK
WKHUPRSRZHULQWKHKH[DJRQDOV\PPHWU\
PHWDOOLF FRQGXFWRU 1D&R2  7KLV
FRPSRXQG FRQVLVWV RI WULDQJXODU OD\HUV
RIFREDOWEHWZHHQFORVHSDFNHGOD\HUVRI
R[\JHQ UHVXOWLQJ LQ DQ DUUD\ RI HGJH
VKDUHG &R2 RFWDKHGUD VHSDUDWHG E\
OD\HUVRI1DWKDWSDUWLDOO\ILOOVLWHVLQWKH
KH[DJRQDO SODQH EHWZHHQ WKH OD\HUV RI
&R2RFWDKHGUD7KHODUJHWKHUPRSRZHU
KDV EHHQ VKRZQ WR EH GXH WR WKH
WUDQVSRUW RI VSLQ HQWURS\  ,QWHUHVW
ZDVIXUWKHUVWLPXODWHGLQWKLVFRPSRXQG
E\WKHGLVFRYHU\RIVXSHUFRQGXFWLYLW\DW
 . LQ 1D&R2Â+2  DW D
GLIIHUHQW OHYHO RI HOHFWURQLF EDQG ILOOLQJ
WKDQJLYHV ULVH WR WKHKLJK WKHUPRSRZHU
LQ WKH VDPH FREDOW R[LGH ODWWLFH LQ
1D&R2
 ,Q RUGHU WR VWXG\ WKH WUDQVLWLRQ
EHWZHHQWKHKLJKWKHUPRSRZHUVWDWHDQG
WKH KRVW VWDWH IRU WKH VXSHUFRQGXFWLYLW\
ZHUHFHQWO\FRPSOHWHGDWUDQVSRUWEDVHG
VWXG\RIWKHHOHFWURQLFSKDVHGLDJUDP
IRU VLQJOH FU\VWDOV RI QRQK\GUDWHG
1D[&R2 IRU [ 7KH GDWD
UHYHDOHG D FURVVRYHU LQ SURSHUWLHV IURP
DQ XQXVXDO &XULH:HLVV PHWDO QHDU
[  WR D SDUDPDJQHWLF PHWDOOLF VWDWH
 
IRU [  6XUSULVLQJO\ D GLVWLQFW
FRPSRXQG DW 1D&R2 ZKLFK KDV D
WUDQVLWLRQ WRDQ LQVXODWLQJVWDWHDW.
VHSDUDWHV WKH WZR PHWDOOLF UHJLPHV DW
KLJKHUDQGORZHUVRGLXPFRQFHQWUDWLRQV
&KDUDFWHUL]DWLRQ RI 1D&R2 E\
HOHFWURQ GLIIUDFWLRQ UHYHDOHG WKH
SUHVHQFH RI DQ RUWKRUKRPELF V\PPHWU\
VXSHUODWWLFHZKLFKZDV DWWULEXWHG WR1D
RUGHULQJ DQG DQ DVVRFLDWHG FKDUJH
RUGHULQJRI WKHXQGHUO\LQJ&R+HUHZH
UHSRUW VSHFLILF KHDW PHDVXUHPHQWV RQ
1D&R2 WR FKDUDFWHUL]H IXUWKHU WKH
ORZ WHPSHUDWXUH SKDVH WUDQVLWLRQV DQG
HOHFWURQGLIIUDFWLRQSDWWHUQVVKRZLQJWKH
SUHVHQFHRIDVWUXFWXUDOGLVWRUWLRQDWORZ
WHPSHUDWXUH ,Q DGGLWLRQ WKH DYHUDJH
FU\VWDO VWUXFWXUH RI 1D&R2
GHWHUPLQHG DW  . DQG  . E\
QHXWURQ SRZGHU GLIIUDFWLRQ LV UHSRUWHG
7ZRW\SHVRI&RFKDLQVDVVRFLDWHGZLWK
]LJ]DJ FKDLQV RI 1D UXQQLQJ DORQJ RQH
FU\VWDOORJUDSKLFGLUHFWLRQDUHIRXQG
Experimental
 &RPSRXQGVZLWK WKH Ȗ1D[&R2
VWUXFWXUH W\SH WKH KRVW SKDVH IRU WKH
VXSHUFRQGXFWRU DQG WKH WKHUPRHOHFWULF
FDQ EH V\QWKHVL]HG RQO\ LQ WKH UDQJH RI
VWRLFKLRPHWU\ [ E\
FRQYHQWLRQDO WKHUPRG\QDPLF PHWKRGV
/RZHU [ FRQWHQWV RI WKH VDPH VWUXFWXUH
W\SH ZHUH V\QWKHVL]HG E\ FKHPLFDO
GHLQWHUFDODWLRQ RI 1D DW URRP
WHPSHUDWXUH 7KH 1D&R2 SRZGHU
HPSOR\HG KHUH IRU WKH QHXWURQ
GLIIUDFWLRQ VSHFLILF KHDW DQG
VXVFHSWLELOLW\ PHDVXUHPHQWV ZDV
V\QWKHVL]HGIURPVLQJOHSKDVHSRZGHURI
1D&R2 SUHSDUHG E\ KHDWLQJ
DSSURSULDWH SURSRUWLRQV RI 1D&2 DQG
&R2 RYHUQLJKW LQ IORZLQJ R[\JHQ DW
&7KDWSRZGHUZDVWKHQWUHDWHGE\
LPPHUVLRQ ZLWK VWLUULQJ LQ DFHWRQLWULOH
VDWXUDWHG ZLWK , LQ VXIILFLHQW H[FHVV WR
LQVXUH IXOO R[LGDWLRQ RI WKH SRZGHU WR
1D&R2 7KH SRZGHU ZDV WKHQ
ZDVKHGZLWKDFHWRQLWULOHDQGVWRUHG LQD
GU\ HQYLURQPHQW IRU DOO VXEVHTXHQW
KDQGOLQJ 6PDOO VLQJOH FU\VWDOV RI
1D&R2 ZHUH REWDLQHG E\ WKH VDPH
PHWKRG E\ VWDUWLQJ ZLWK IORDWLQJ]RQH
JURZQ FU\VWDOV RI 1D&R2 )XUWKHU
GHWDLOV KDYH EHHQ GHVFULEHG HOVHZKHUH

 0DJQHWL]DWLRQ PHDVXUHPHQWV
ZHUHFDUULHGRXWEHWZHHQDQG.
LQDQDSSOLHGILHOGRIN2HHPSOR\LQJD
4XDQWXP'HVLJQ0306PDJQHWRPHWHU
6WDQGDUG IRXUFRQWDFW UHVLVWLYLW\
PHDVXUHPHQWVZHUHFDUULHGRXWRQVPDOO
VLQJOHFU\VWDOVDSSUR[LPDWHO\PP[
PP[PPEHWZHHQ.DQG.
6SHFLILFKHDWZDVPHDVXUHGEHWZHHQ.
DQG . RQ D SRO\FU\VWDOOLQH SRZGHU
RI WRWDO PDVV  J PL[HG ZLWK VLOYHU
SRZGHU WR LQVXUH WKHUPDO FRQWDFW LQ D
4XDQWXP 'HVLJQ 3306 V\VWHP 7KH
VSHFLILFKHDWRIWKHVLOYHUSRZGHUDQGWKH
DGGHQGD ZHUH PHDVXUHG VHSDUDWHO\ DQG
VXEWUDFWHG IURP WKH UDZ GDWD IRU
1D&R2 (OHFWURQ GLIIUDFWLRQ
PHDVXUHPHQWVZHUHSHUIRUPHGLQ3KLOLSV
&087 DQG &067 HOHFWURQ
PLFURVFRSHVERWKHTXLSSHGZLWKD ILHOG
HPLVVLRQ JXQ 1DQRGLIIUDFWLRQ ZDV
SHUIRUPHGXVLQJDFRQGHQVHUDSHUWXUHRI
PPDQGDQHOHFWURQSUREHVL]HRI
 QP LQ GLDPHWHU 7KH VSHFLPHQ
FRROLQJ H[SHULPHQWV ZHUH SHUIRUPHG
XVLQJ D FXVWRPPDGH KROGHU IRU
RSHUDWLRQDWDERXW.
 7KH QHXWURQ SRZGHU GLIIUDFWLRQ
LQWHQVLW\ GDWD IRU 1D&R2 ZHUH
FROOHFWHGXVLQJWKH%7KLJKUHVROXWLRQ
SRZGHU GLIIUDFWRPHWHU DW WKH 1,67
&HQWHUIRU1HXWURQ5HVHDUFKHPSOR\LQJ
D&XPRQRFKURPDWRUWRSURGXFHD
QHXWURQ EHDP RI ZDYHOHQJWK 
c &ROOLPDWRUV ZLWK KRUL]RQWDO
GLYHUJHQFHVRIDQGDUFZHUH
XVHG EHIRUH DQG DIWHU WKH
 
PRQRFKURPDWRU DQG DIWHU WKH VDPSOH
UHVSHFWLYHO\  7KH LQWHQVLWLHV ZHUH
PHDVXUHG LQ VWHSV RI  LQ WKH T
UDQJH'DWDZHUHFROOHFWHGDWD
YDULHW\ RI WHPSHUDWXUHV IURP  . WR
.WRHOXFLGDWHWKHSRVVLEOHPDJQHWLF
DQG FU\VWDO VWUXFWXUH WUDQVLWLRQV  7KH
VWUXFWXUDOSDUDPHWHUVZHUHUHILQHGXVLQJ
WKH SURJUDP *6$6  7KH QHXWURQ
VFDWWHULQJ DPSOLWXGHV XVHG LQ WKH
UHILQHPHQWV ZHUH   DQG
 u FP IRU 1D &R DQG 2
UHVSHFWLYHO\
Results
 )LJXUH  VKRZV WKH UHVLVWLYH DQG
PDJQHWLF FKDUDFWHUL]DWLRQ RI WKH ORZ
WHPSHUDWXUH SKDVH WUDQVLWLRQV LQ
1D&R2 7KH UHVLVWLYLW\ PHDVXUHG LQ
WKH &R2 SODQH LQFUHDVHV VLJQLILFDQWO\
RQ FRROLQJ DW DQ RQVHW WHPSHUDWXUH RI
DSSUR[LPDWHO\  . $IWHU D VOLJKW
VDWXUDWLRQWKHVORSHRIWKHȡYV7FXUYH
LQFUHDVHV ZLWK FRROLQJ EHORZ  .
LQGLFDWLQJ DQRWKHU SKDVH WUDQVLWLRQ 7KH
PDJQHWLF VXVFHSWLELOLW\ RQ WKH RWKHU
KDQGVKRZVGHFUHDVHVDW.DQG.
EXWQRIHDWXUHVDW.7KH.SKDVH
WUDQVLWLRQ FDQ EH REVHUYHG LQ WKH
UHVLVWLYLW\ GDWD EXW RQO\ E\ WDNLQJ WKH
GHULYDWLYH RI WKH FXUYH LQVHW ILJ 
&KDUDFWHUL]DWLRQ RI 1D&R2 E\ ȝ65
KDV LQGLFDWHG WKH RQVHW RI PDJQHWLF
RUGHULQJ DW . UHVROYLQJ IXUWKHU LQWR
WKH RUGHULQJ RI WZR GLVWLQFW W\SHV RI
PDJQHWLF DWRPV DW  . 1R PDJQHWLF
RUGHULQJ ZDV DVVRFLDWHG ZLWK WKH  .
WUDQVLWLRQ
6SHFLILF KHDW FKDUDFWHUL]DWLRQ RI
WKHSKDVHWUDQVLWLRQVLVVKRZQLQILJXUHV
 DQG  )RU WKH  . WUDQVLWLRQ D
GLVWLQFW SHDN LV REVHUYHG FKDUDFWHULVWLF
RI D WKUHHGLPHQVLRQDO SKDVH WUDQVLWLRQ
)RU WKH WUDQVLWLRQ DW  . WKH VSHFLILF
KHDWFKDQJH LVPRUHVXEWOHDQGDSSHDUV
WR EH VRPHZKDW EURDGHU LQ WHPSHUDWXUH
WKDQWKH.WUDQVLWLRQ)LJXUHVKRZV
LQWKHPDLQSDQHOWKDWWKHUHLVQRVSHFLILF
KHDW DQRPDO\ IRU WKH  . WUDQVLWLRQ
LQGLFDWLQJ QR VXEVWDQWLDO FKDQJH LQ
PDJQHWLFHQWURS\7KLVVXJJHVWVWKDWWKLV
PD\ EH D VSLQ UHRULHQWDWLRQ WUDQVLWLRQ
7KHGDWD IXUWKHUVKRZWKHSUHVHQFHRID
VPDOO SHDN LQ WKH VSHFLILF KHDW DW .
7KH LQWHJUDWHG HQWURS\ LQ WKLV WUDQVLWLRQ
LV YHU\ VPDOO DSSUR[LPDWHO\ WKDW
H[SHFWHGIRURUOHVVRIWKHRUGHULQJ
RI VSLQ ò SDUWLFOHV 7R FKHFN ZKHWKHU
WKLV FRXOG EH LQWULQVLF WR WKH SKDVH ZH
SHUIRUPHG ORZ WHPSHUDWXUH
VXVFHSWLELOLW\ PHDVXUHPHQWV VKRZQ LQ
WKH LQVHW 1R IHDWXUH LV VHHQ LQ WKH
VXVFHSWLELOLW\ VXJJHVWLQJ WKDW WKLV PD\
LQGHHG EH GXH WR WKH SUHVHQFH RI DQ
LPSXULW\SKDVH
 )LJXUH  FRPSDUHV WKH URRP
WHPSHUDWXUH DQG ORZ WHPSHUDWXUH >@
EDVDOSODQHHOHFWURQGLIIUDFWLRQSDWWHUQV
IRU 1D&R2 7KH FRROLQJ VWDJH LV
H[SHFWHG WR UHDFK WHPSHUDWXUHV RQ WKH
RUGHU RI    . 7KH DPELHQW
WHPSHUDWXUH HOHFWURQ GLIIUDFWLRQ SDWWHUQ
)LJXUH D VKRZV WKH RUWKRUKRPELF
D¥DVXSHUVWUXFWXUHGHVFULEHGLQGHWDLO
EHORZ([WUDGLIIUDFWLRQVSRWVDUHFOHDUO\
VHHQ LQ WKH ORZ WHPSHUDWXUH GLIIUDFWLRQ
SDWWHUQ )LJXUH E LQGLFDWLYH RI D
VWUXFWXUDO GLVWRUWLRQ DW ORZ WHPSHUDWXUHV
LQ ZKLFK ERWK WKH a DQG b D[HV RI WKH
RUWKRUKRPELF FHOO DUH WULSOHG 7KHVH
VSRWV DUHQRWREVHUYHG LQ DOO FU\VWDOOLWHV
LQ WKH VDPSOH 7KLV VXJJHVWV WKDW VXFK
VXSHUVXSHU FHOO RUGHULQJ PD\ EH
VXVFHSWLEOH WR GDPDJH E\ WKH HOHFWURQ
EHDPRUH[LVWRYHURQO\DQDUURZUDQJH
RI WHPSHUDWXUH RU WKDW FRPSRVLWLRQDO
LQKRPRJHQHLWLHV PDNH LW IDYRUDEOH LQ
VRPH DUHDV EXW QRW LQ RWKHUV 7KH
LQWHQVLW\ RI WKH H[WUD VSRWV LV
VXEVWDQWLDOO\ ZHDNHU WKDQ WKRVH RI WKH
KH[DJRQDO VXEVWUXFWXUH VSRWV DQG WKH
RUWKRUKRPELF VXSHUVWUXFWXUH VSRWV
 
LQGLFDWLQJ WKH VXEWOHW\ RI WKH VWUXFWXUDO
GLVWRUWLRQ 7KLV GLVWRUWLRQ PD\ EH
DVVRFLDWHGZLWKWKH.SKDVHWUDQVLWLRQ
REVHUYHG LQ RWKHU FKDUDFWHUL]DWLRQ
H[SHULPHQWV EXW ZH KDYH QRW
XQDPELJXRXVO\GHWHUPLQHGZKHWKHU WKDW
LVWKHFDVH,QFRQMXQFWLRQZLWKWKHRWKHU
GDWD WKHVH GDWD VXJJHVW WKDW WKLV
WUDQVLWLRQ PD\ EH DVVRFLDWHG ZLWK WKH
IRUPDWLRQ RI D FKDUJH GHQVLW\ ZDYH RU
RUELWDO RUGHULQJ )XUWKHU VWXG\ ZLOO EH
UHTXLUHG WR FKDUDFWHUL]H WKLV VXSHU
VXSHUODWWLFHRUGHULQJLQPRUHGHWDLO
$VWUXFWXUDOPRGHOIRU1D&R2
ZLWK KH[DJRQDOP63/mmc V\PPHWU\ DQG
ODWWLFH SDUDPHWHUV D§ DQG F§c
ZDV ILUVW XVHG LQ WKH VWUXFWXUDO
UHILQHPHQW HPSOR\LQJ WKH QHXWURQ
GLIIUDFWLRQGDWD7KHPRGHOJLYHVDJRRG
ILW WR DOO WKH VWURQJHVW LQWHQVLW\ SHDNV
ZLWK WKH 1D DWRPV GLVWULEXWHG LQ D
GLVRUGHUHGIDVKLRQLQWKHbDQGcVLWHV
ZLWKLQ WKH P63/mmc V\PPHWU\ VSDFH
JURXSZLWK WKH RFFXSDQF\ SDUDPHWHU RI
DSSUR[LPDWHO\  IRU ERWK VLWHV 7KH
GDWD KRZHYHU VKRZ D VXEVWDQWLDO
QXPEHURIDGGLWLRQDOZHDN%UDJJSHDNV
DW DOO PHDVXUHG WHPSHUDWXUHV )LJ 
7KHVH SHDNV FDQ EH LQGH[HG E\ WKH
RUWKRUKRPELF VXSHUODWWLFH ZLWK
ao  aHbo aHco  cHZKHUHaHDQG
cH DUH KH[DJRQDO VXEODWWLFH SDUDPHWHUV
RULJLQDOO\ REVHUYHG E\ HOHFWURQ
GLIIUDFWLRQ  $ VXSHUVWUXFWXUH PRGHO
KDYLQJ Pnmm V\PPHWU\ DQG WKH 1D
DWRPVFRPSOHWHO\RUGHUHG)LJVDQG
ZDV GHULYHG EDVHG RQ VHPLTXDQWLWDWLYH
DQDO\VLVRIHOHFWURQGLIIUDFWLRQGDWDDQG
ZDV WHVWHG TXDQWLWDWLYHO\ ZLWK WKH
QHXWURQ GLIIUDFWLRQ GDWD 7KH PRGHO
SURYLGHV D YHU\ JRRG ILW WR WKH QHXWURQ
GLIIUDFWLRQ GDWD DQG XQDPELJXRXVO\
UHSUHVHQWV WKH DYHUDJH FU\VWDO VWUXFWXUH
RI 1D&R2 7KH UHILQHG VWUXFWXUDO
SDUDPHWHUV DQG VHOHFWHG ERQG GLVWDQFHV
DQG DQJOHV DUH VKRZQ LQ 7DEOH  )LJ
E DQG ILJ  VKRZ D JRRG ILW RI WKH
FDOFXODWHG LQWHQVLWLHV WR WKH REVHUYHG
QHXWURQ SRZGHU GLIIUDFWLRQ SDWWHUQ DW
 . :H QRWH WKDW RXU LQVWUXPHQWDO
UHVROXWLRQ LV LQVXIILFLHQW WR UHVROYH DQ\
PHWULF GHYLDWLRQV IURP WKH LGHDO
ao  aHDQGbo aHUHODWLRQVKLSVDQG
WKHUHIRUHWKHRUWKRUKRPELFaDQGbD[HV
ZHUH QRW YDULHG LQGHSHQGHQWO\ LQ WKH
VWUXFWXUDO UHILQHPHQWV $OVR GXH WR WKH
KH[DJRQDOSVHXGRV\PPHWU\VRPHRIWKH
SRVLWLRQDO SDUDPHWHUV IRU VRPH DWRPV
ZHUH FRQVWUDLQHG WR EH IL[HG DW LGHDO
SRVLWLRQVIRUWKHILQDOUHILQHPHQWV7KHUH
LVQRLQGLFDWLRQRIVLJQLILFDQWGHYLDWLRQV
IURP WKHVH LGHDO SRVLWLRQV 7KH DYHUDJH
VWUXFWXUH LV QRW VLJQLILFDQWO\ GLIIHUHQW DW
 . 7KRXJK WKH DYHUDJH VWUXFWXUH LV
ZHOO GHVFULEHG LQ WKH SUHVHQW DQDO\VLV
HOXFLGDWLRQRIILQHUGHWDLOVRIWKHFU\VWDO
VWUXFWXUH ZLOO KDYH WR DZDLW KLJKHU
UHVROXWLRQVWXGLHV
 7KH FU\VWDO VWUXFWXUH RI
1D&R2LVXQH[SHFWHG,QWKHVLPSOHVW
FDVH LI 1D SRVLWLRQV DUH GHWHUPLQHG E\
LRQLRQ UHSXOVLRQ ZLWKLQ WKH 1D OD\HU
WKHQ D WULDQJXODU 1D ODWWLFH LV H[SHFWHG
IRU[ EXW[ LVQRWH[SHFWHGWR
\LHOG D VSHFLDO FDVH RI ORQJ UDQJH
RUGHULQJ ,Q 1D[&R2 KRZHYHU WKH
DYDLODELOLW\RIWZRW\SHVRI1DVLWHVWKDW
KDYHFRPSDUDEOH HQHUJLHV DGGV DQ H[WUD
GHJUHH RI IUHHGRP WR WKH SRVVLEOH
VWUXFWXUHV %RWK DUH WULJRQDO SULVPDWLF
VLWHVEXWRQHWULJRQDOSULVPVKDUHVHGJHV
ZLWK DGMDFHQW &R2 RFWDKHGUD 1D
ZKLOH WKH RWKHU WULJRQDO SULVP VKDUHV
IDFHV ZLWK DGMDFHQW &R2 RFWDKHGUD
1D 7KH 1D VLWH LV SUHIHUUHG LQ
DSSUR[LPDWHO\ D  UDWLR IRU D EURDG
UDQJHRI1DFRQWHQWVLQ1D[&R2EXW
DW1D&R2ZH ILQG WKH1D DQG1D
VLWHVDUHRFFXSLHGLQHTXDOUDWLRV
 )LJXUHV  D DQG E VKRZ WKH
VWUXFWXUH IURP GLIIHUHQW SHUVSHFWLYHV
7KHILUVWLVEDVHGRQDFHQWUDO&RSODQH
 
DQG WKH 1D OD\HUV DERYH DQG EHORZ LW
DQG VKRZV WKH ]LJ]DJ FKDLQV RI1D DQG
WKH SDUDOOHO FKDLQV RI &R RYHU VHYHUDO
XQLW FHOOV 7KH VHFRQG H[WUDFWV WKH 1D
DWRPV LQ WKH RUGHUHG OD\HU RQO\  7KLV
ILJXUHVKRZVWKDWWKH1DODWWLFHLVLQIDFW
D GLVWRUWHG KH[DJRQDO ODWWLFH 7R PDNH
WKH ODWWLFH LQWR DQ LGHDO KH[DJRQDO
DUUDQJHPHQWZKLFKZRXOGPLQLPL]HWKH
1D1D &RXORPE UHSXOVLRQV WKH 1D
LRQV ZRXOG EH IRUFHG LQWR XQIDYRUDEO\
VKDSHG 1D2 FRRUGLQDWLRQ SRO\KHGUD
7KXVWKHJHRPHWU\WKH1DGLVSOD\VPXVW
LQYROYH D FRPSURPLVH EHWZHHQ LRQLRQ
UHSXOVLRQ DQG RSWLPDOO\ VKDSHG 1D2
FRRUGLQDWLRQSRO\KHGUD

 7KLV NLQGRI FRPSURPLVH FDQQRW
H[SODLQ KRZHYHU ZK\ DQ RUGHUHG
VWUXFWXUH ZRXOG IRUP DW DOO DW WKLV
FRPSRVLWLRQ ± ZLWK 1D LRQV DFWXDOO\
PRYLQJLQWRVLWHV1DDW[ JLYHQ
WKDW WKHVH VLWHV DUH QRW IDYRUHG DW RWKHU
FRPSRVLWLRQVGXHWRWKH1D&RUHSXOVLRQ
DFURVVWKHVKDUHGWULDQJXODUR[\JHQIDFH
:H PXVW FRQFOXGH WKDW [    LV D
VSHFLDO FRPSRVLWLRQ IRU HOHFWURQLF
UHDVRQV DV LV ERUQH RXW E\ LWV XQLTXH
PDJQHWLFDQGHOHFWURQLFSURSHUWLHV7KH
FU\VWDOVWUXFWXUHGHWHUPLQDWLRQUHLQIRUFHV
WKLV LQWHUSUHWDWLRQ EHFDXVH WZR GLVWLQFW
W\SHV RI &R DWRPV DUH VHHQ ZLWK WKH
SDUDOOHO FKDLQ FRQILJXUDWLRQ DOUHDG\
GHVFULEHG:HSRVWXODWHWKDWWKH1DWKHQ
³GHFRUDWHV´ WKH SDUWLFXODU &R FKDLQV LQ
ZKLFK WKH &R R[LGDWLRQ VWDWH LV ORZHU
7KXV WKH ILQDO 1D FRQILJXUDWLRQ LV D
WKUHHZD\ FRPSURPLVH DFFRPPRGDWLQJ
WKH HIIHFWV RI LQWHUDFWLRQ ZLWK WKH
XQGHUO\LQJ &R ODWWLFH ZKRVH FKDUJH
FRQILJXUDWLRQ ZH EHOLHYH WR EH
GHWHUPLQHG E\ D IXQGDPHQWDO HOHFWURQLF
LQVWDELOLW\ WKH PXWXDO UHSXOVLRQ RI WKH
1DLRQVLQWKHOD\HUDQGWKHORFDWLRQVRI
1D2 FRRUGLQDWLRQ SRO\KHGUD RI
IDYRUDEOHVKDSH
 )LQDOO\ILJXUHKLJKOLJKWVWKUHH
OLQHV RI&R2 RFWDKHGUDZLWKLQ D VLQJOH
OD\HU RI &R 7KH ILJXUH LV GUDZQ WR
HPSKDVL]H WKH QXPEHU DQG GLVWULEXWLRQ
RIORQJDQGVKRUW&R2ERQGVIRUHDFKRI
WKH WZR W\SHV RI &R FKDLQV 7KH ILJXUH
VKRZVWKDW&RKDVRQHVKRUWDQGORQJ
ERQGV WR2ZKHUHDV&RKDV WZR VKRUW
DQG  ORQJ ERQGV WR 2 7KLV VXJJHVWV
WKDW WKH&R LV ORZHU LQ R[LGDWLRQ VWDWH
WKDQ &R 7KH 1D LQ WKH SODQHV EHORZ
DQGDERYHWKH&RSODQHZKLOHERQGHGWR
2 LQ WKHFRRUGLQDWLRQSRO\KHGUDRIERWK
&RDQG&RDUHFRRUGLQDWHGWRDODUJHU
IUDFWLRQ RI WKH 2 LQ WKH &R2
SRO\KHGURQ7KLVVXSSRUWVRXUFRQMHFWXUH
WKDWWKH1DFKRRVHVWRGHFRUDWHWKHFKDLQ
LQ ZKLFK WKH OHVV KLJKO\ FKDUJHG &R LV
SUHVHQW FRQVLVWHQWZLWK 3DXOLQJ¶V UXOHV
7KHGLVWULEXWLRQRIORQJDQGVKRUWERQGV
VXJJHVWV WKH SRVVLELOLW\ RI RUELWDO
RUGHULQJ ZLWKLQ WKH FKDLQV 7KH
GLIIHUHQFHVLQREVHUYHGERQGOHQJWKVDUH
YHU\ VXEWOH 7KHUHIRUH VWUXFWXUH
UHILQHPHQWV XVLQJ KLJKHU SUHFLVLRQ
GLIIUDFWLRQ GDWDZLOO EH QHHGHG WR DOORZ
DQXQDPELJXRXVGHWHUPLQDWLRQRIWKH&R
FKDUJH RU RUELWDO RUGHULQJ LQ WKLV
FRPSRXQG

Conclusion
 7KH 1D[&R2 SKDVH GLDJUDP
QDWXUDOO\ GLYLGHV LQWR WZR PHWDOOLF DQG
PDJQHWLF UHJLPHV RQH DW KLJK 1D
FRQWHQW WKDW H[KLELWV XQXVXDO VSLQ
WUDQVSRUWSURSHUWLHVDQGWKHRWKHUDWORZ
1D FRQWHQW WKDW LV WKH KRVW FRPSRVLWLRQ
IRUWKHVXSHUFRQGXFWRU7KHFRPSRVLWLRQ
WKDW GLYLGHV WKHVH UHJLPHV 1D&R2
XQGHUJRHV VHYHUDO SKDVH WUDQVLWLRQV
EHORZ  . DQG EHFRPHV D
PDJQHWLFDOO\ RUGHUHG LQVXODWRU LQ WKH
JURXQG VWDWH 7KH FU\VWDO VWUXFWXUH
LQYROYHVDQRYHORUGHULQJRIWKH1DLRQV
LQWR ]LJ]DJ FKDLQV WKDW ZH SRVWXODWH
GHFRUDWHFKDLQVRI&RLRQVZLWKGLIIHUHQW
 
R[LGDWLRQVWDWHV7HPSHUDWXUHGHSHQGHQW
KLJKHU SUHFLVLRQ GLIIUDFWLRQ VWXGLHV
ZRXOG EH RI JUHDW LQWHUHVW WR GHWHUPLQH
IXUWKHUGHWDLOVRIWKHFU\VWDOVWUXFWXUHDQG
DQ\ VWUXFWXUDO FKDQJHV WKDW RFFXU DW WKH
WKUHH SKDVH WUDQVLWLRQV 7KH RUGHUHG
VWUXFWXUH WKDW WKLV FRPSRXQG H[KLELWV
VKRXOG IDFLOLWDWH IXUWKHU HOHFWURQLF EDQG
VWUXFWXUHFDOFXODWLRQVDQGFRPSDULVRQWR
WKRVHIRURWKHUFRPSRVLWLRQVZRXOGEHRI
JUHDW LQWHUHVW WR KHOS FODULI\ ZK\
1D&R2 H[KLELWV VXFK QRYHO
HOHFWURQLF VWUXFWXUDO DQG PDJQHWLF
SURSHUWLHV

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7Table  I. Structural parameters and selected bond distances (Å) and angles (degrees) for 
Na0.5CoO2 at 295 K (first line) and 3.5 K (second line). Space Group: Pnmm (#59) 
[Pnmm bca > Pmmn (Origin choice 2)].
a=  4.87618(5) b=  5.63053(9) c= 11.1298(2)  Å 
  4.87570(4)  5.62997(7)  11.0634(2)
    
 Atom Site x  y  z  B (Å2)
Co(1) 4f 0 1/4 0 0.49(3) 
  0 1/4 0 0.23(2) 
Co(2) 4d 1/2 0 0 0.49(3)  
  1/2 0 0 0.23(2) 
Na(1) 2b -0.027(2) 1/4 3/4 1.7(1) 
  -0.018(2) 1/4 3/4 0.79(6) 
Na(2) 2a 0.361(2) 3/4 3/4 1.7(1) 
  0.352(2) 3/4 3/4 0.79(6) 
O(1) 4f 1/3* 1/4 0.0894(1) 0.51(1) 
  1/3* 1/4 0.0895(1) 0.29(1) 
O(2) 4f 1/3* 3/4 0.0816(3) 0.51(1) 
  1/3* 3/4 0.0820(3) 0.29(5) 
O(3) 8g -1/6* 0* 0.0894(1) 0.51(1) 
  -1/6* 0* 0.0895(1) 0.29(1) 
Selected bond distances and angles 
Co(1)-O(1)  1.9059(6) O(1)-Co(1)-O(3) 95.22(4) 
  1.9029(6)  95.41(4) 
Co(1)-O(2)  1.862(6) O(2)-Co(1)-O(3) 96.76(5) 
  1.862(2)  96.85(4) 
Co(1)-O(3) u4 1.9059(6) O(3)-Co(1)-O(3) 95.22(4) 
  1.9029(6)  95.41(6) 
Co(2)-O(1) u2 1.9059(3) O(1)-Co(2)-O(2) 96.76(5) 
  1.9029(6)  96.85(4) 
Co(2)-O(2) u2 1.862(3) O(1)-Co(2)-O(3) 95.22(4) 
  1.862(2)  95.41(4) 
Co(2)-O(3) u2 1.9059(6) O(2)-Co(2)-O(3) 96.76(4) 
  1.9029(6)  96.85(4) 
    
8Na(1)-O(2) u2 2.396(7) 
  2.411(6) 
Na(1)-O(3) u4 2.464(4) 
  2.439(3) 
Na(2)-O(1) u3 2.328(7) 
  2.348(2) 
Na(2)-O(3) u3 2.464(4) 
  2.439(2) 
x Rp= 3.13 % Rwp= 3.85 % F2= 1.250 
3.35  4.11  1.288   
Due to high correlations 
x Structural parameters were constrained to be a/b= 3 /2, and z(O(1))=z(O(3)). 
x Temperature factors for Co, Na, and O were constrained to be equal, respectively. 
x * Parameters fixed to hexagonal pseudosymmetry positions. 
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Figure Captions 
 
Fig 1.  The magnetic and resistive characterization of the phase transitions in Na0.5CoO2 
below 100K. The resistive data are taNen on a single crystal, measured in the CoO2 plane. 
The magnetic susceptibility data are taNen on the polycrystalline sample employed in the 
specific heat and neutron diffraction studies. 
Fig. 2. Thermodynamic characterization of the 87K and 53K transitions in Na0.5CoO2. 
Fig. 3. Specific heat in the vicinity of the 20 K transition. ,nset, the magnetic 
susceptibility at low temperatures. 
Fig. 4. [001] electron diffraction patterns of Na0.5CoO2. (a) The room temperature 
diffraction pattern of the orthorhombic a¥3,2a superstructure. Orthorhombic cell 
indicated by the blacN rectangle. The 100 and 010 reflections of the basic hexagonal 
lattice are indicated. (:eaN additional reflections are due to twinning.) (b) Diffraction 
pattern taNen at about 80-100 K. The extra reflections require a tripling of both the a and 
b axes of the orthorhombic unit cell. 
Fig. 5. Portion of the observed (crosses) and calculated (solid line) powder neutron 
diffraction intensities for Na0.5CoO2 at 295 K. (a) fitting using the sublattice with 
P63/mmc symmetry (b) fitting by a superstructure model with Pnmm symmetry, where 
the peaNs with index and shorter vertical lines are the superlattice peaNs.  
Fig. 6. The crystal structure of Na0.5CoO2, showing layers of edge-shared CoO6 octahedra 
and the triangular prismatic coordination of Na within the intermediary layers. 
Fig. 7.  The Na ion configuration for Na0.5CoO2. The dotted lines show the ab plane of 
the hexagonal sublattice, and the solid lines indicate the orthorhombic superlattice. 
Fig. 8. Observed (crosses) and calculated (solid line) intensities for Na0.5CoO2 at 295 K. 
Differences between the observed and calculated intensities are shown in bottom of 
figure. The vertical lines indicate the %ragg peaN positions for Na0.5CoO2 (upper) and 1 
wt% CoO (lower).  
Fig. 9. (a) Shows a central layer of Co at z = ò with a layer of Na above it (at z= ô) and 
below it (at z = ó) (see also figure 6). The zig-zag Na chain is emphasized as is the 
hexagonal Co lattice. Oxygen planes omitted for clarity. (b) The Na ion configuration in 
a single layer, over several unit cells, in Na0.5CoO2. The solid lines show an ideal 
hexagonal lattice. 
Fig. 10. The arrangement of the longer and shorter Co-O bonds within the cell of 
Na0.5CoO2, with the adMacent Na layers shown. The designations of the Co and Na atoms 
are as indicated. 
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Fig 2 a and b 
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